Novel high-temperature thermoplastic polymers offer potential advantages over thermoset ones and represent a promising alternative in advanced composite applications. This work proposes to determine the thermal properties and resistance of unidirectional carbon fibre reinforced thermoplastic polyimide composite and to characterize the influence of temperature on its mechanical behaviour and properties, including tensile properties, interlaminar shear strength and failure mechanisms. Characterization is performed on composite tapes and on ring-shaped specimens manufactured using a heated-head thermoplastic filament winding process.
INTRODUCTION
Many industries, such as electrical, automotive, aerospace and telecommunications are looking for composite parts capable of extended performance at elevated temperatures. Effectively, in numerous structural engineering systems, the composite components are exposed to a combination of both high mechanical solicitations and thermal loadings.
High temperature thermoplastic materials are promising materials since, in addition to the classical advantages of thermoplastic polymers (recyclability, resistance to chemicals, solvents and radiation, indefinite shelf life, ability to be repair, re-melt and re-processed …), they generally offer enhanced mechanical properties (high level of toughness, strength, stiffness and resistance to fatigue) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
Moreover they keep their physical properties at high temperatures and exhibit thermal stability even in the longer run.
The demand for heat resistance in polymers for composite applications was first motivated by military and civil aeronautical and aerospace developments in the 1960s [1] . One The important difficulties encountered with such polymers concerned their process ability, the main challenge being to maintain a high glass transition temperature while retaining sufficient melting ability in the uncured state [1] . Significant efforts have been devoted to develop melt processable solutions and a high compatibility with carbon fibres. Literature reports several experimental investigations on this composite family. The main studies were performed on carbon fibre (CF) reinforced PPS, PEEK, PEI (polyetherimide) matrices [2] , [3] , [5] , [9] [10] [11] [12] . Fig. 1 proposes a graphical overview of the performance of such materials by plotting the tensile strength as a function of temperature.
For quasi isotropic CF/PPS composites, a relative good stability of mechanical properties was measured between ambient temperature and 120°C, with a decrease of only approximately 3% in Young's modulus, 8% in strength and 5% in strain on this temperature range [2] . For quasi-isotropic AS4/PEEK submitted to tensile loading, decreases in strength of approximately 7% and 20% were measured at respectively 75°C and 150°C [3] . In the fibre direction, for UD composites, Uematsu et al. [5] observed a decrease in tensile rigidity of 7% between ambient temperature and 200°C. Walther [12] showed a significant decrease in Young's modulus and ultimate strength only from 100°C for CF/PPS (UD composite), and from 150°C for CF/PEEK (UD composite) with a decrease in strength of approximately 11%from the ambient temperature. Mahieux et al. [10] , [11] pointed out that the number of cycles to failure of AS4/PEEK decreases when tests are performed at 150°C in comparison to ambient temperature. They found a stable storage modulus between ambient temperature and 100°C for AS4/PPS, AS4/PEI and AS4/PEEK composites.
The temperatures at which the onset of drop in mechanical properties is measured correspond generally to the glass transition of matrices.
Literature reports only a few studies dedicated to TPI [1] , [4] , [16] , [17] . Published results show a good stability of mechanical properties up to 250°C and negligible weight loss up to 400°C [16] . These works were mainly focused on PI-SP, LARC-TPI, ULTEM and Aurum PIXA Thermoplastic Polyimide composite materials.
Literature also reports for thermoplastic composites that the manufacturing processes could induced effects, such as residuals stresses and strains, that can influence the mechanical performance of the produced material [18] , [19] .This might be critical for the performance characterization of complex composite parts.
In this paper, a novel high-temperature thermoplastic polyimide (Aurum PD400) composite supplied by Mitsui chemicals inc. is studied. Its thermal, rheological and mechanical properties are characterized at the scale of specimens cut in tape roll and in tubular laminates manufactured using thermocompression and heated-head thermoplastic filament winding processes. Tubular or cylindrical composite structures are effectively used in many fields of application, such as speed rotors, flywheels, pressure vessels, transportation systems etc. The accurate determination of the mechanical strength and long-term durability of these structures, when exposed to a combination of in-service loads and environments, is of great importance for the optimisation of their design reliability and mass, in particular in the transportation industry. During operation, a component's stress state is mostly multiaxial, although it is largely dominated by the circumferential direction. Axisymmetric, cylindrical products and structures made from composite materials are often manufactured using a filament winding process, with the reinforcement oriented mainly along the hoop axis.
MATERIALS AND METHODS

Materials
Single wide band (tape) of unidirectional carbon fibre reinforced polyimide composite, provided by Mitsui Chemicals Inc., was used in this study. This tape was made of T700S type of carbon fibres and high-temperature TPI matrix (Aurum PD400). The width of the tape was 13 ± 0.5 mm and the thickness 0.29 ± 0.02 mm. The volume fraction of fibre was 50% which involved 48000 fibres in the cross-section of the tape.
Composite specimen manufacturing and preparation
Two types of composite structures, i.e. plate and tubes, were manufactured using respectively thermocompression and heated-head thermoplastic filament winding processes.
The plates with ten unidirectional layers ([0°]10) were hot pressed at 400°C and under 6 bars during 1 hour. They were prepared by a simple hand lay-up method. The hot pressed plates have a width of 80 mm, a length of 150 mm and a thickness of 2.5 mm.
Tubular specimens were manufactured using the heated-head thermoplastic filament winding facility of a private company. Operations were performed on a 120 mm diameter, 400 mm long steel mandrel with a computer-controlled filament winding machine. The layers were bonded with a gaz torch (with a temperature of approximately 450°C at the surface of the material), and consolidated by a roller. The winding pitch was 14 mm, which induced winding angle of 88° (90° being a purely circumferential winding angle). Two different tubular specimens have been produced, one with 6 layers and the second with 18 layers with respectively 1.55 and 4.6 mm in thickness. The composite tubes were removed from their mandrels and ring-shaped specimens were produced by cutting and machining the tubes.
Thermal characterization
Thermal degradation
The thermal degradation was investigated under inert and oxidative environments using thermogravimetric analysis. A Thermogravimetric Analyser (TGA), SETARAM SESTYS Evolution, was used to identify the thermal degradation under inert environment (argon). Investigations were made while heating the samples from room temperature to 700 °C at a heating rate of 5°C/min. Three samples of 60 mg were tested.
Thermal stability and degradation was also investigated under oxidative environment as a function of time and temperature of exposure according to the Standard test method ASTM D2584-02 [20] . Tests were performed in an oven with a heating rate of 4°C/min up to the temperature plateau. Each specimen was weighted before and after thermal exposure. Five specimens of 3.5g were tested at several temperatures and times of exposure, i.e. 450, 500 and 550°C during one hour, and 400 and 560°C during three hours of exposure.
Coefficients of Thermal Expansion
Coefficients of Thermal Expansion (CTE) were determined in longitudinal and transversal directions using a dilatometer SETARAM SESTYS Evolution. Three samples were tested in each direction, with a dimension of 8.5*5*2.2 mm 3 . The expansion of the specimen was measured using a linear variable differential transformer sensor (LVDT) with a constant load of 15cN. Tests were realized in oxidative environment, on a range of temperature from 30 to 400°C with a heating rate of 2°C/min. The coefficients of thermal expansion were determined by linear regression of the strain/temperature curve between 50 to 200°C. The glass transition temperature (Tg) and the melting temperature (Tf) were also determined using these curves.
Mechanical characterisation
Tensile monotonic properties
Individual lamina
The in-plane elastic properties of the individual lamina were determined at different temperatures on test coupons sawn in the provided rolls of single wide band of unidirectional composite.
Tensile tests in the fibre direction were performed according to the ASTM D3039-00 [21] . The length of the specimens was 250 mm and the cross-section area 13*0.29 mm². Straight metallic end tabs were glued at each extremity of the tape coupon using Duralco 4703 adhesive after composite surface preparation (sanded and cleaned with acetone). Axial strain was measured using a laser extensometer (EIR LE05).
Young's Modulus was identified by linear regression of the stress-strain curve on a strain range between 0 and 0.4 %. Tests were performed using an electromechanical tensile machine (Instron 6025) with displacement control at a speed of 1 mm/min. Three to eleven specimens were tested at six temperatures comprised between -50 to 200°C. The heating rate to reach the requested temperature was approximately 4°C/min and a temperature plateau was hold during 30 min before running the test in order to obtain an homogeneous temperature inside the specimen.
Tensile tests in the transverse direction were realised using a Dynamics Mechanical Analysis (DMA) (Bose Electroforce 3200) at ambient temperature. The length of the specimens was 10 mm and the crosssection area 1.5*0.29 mm ² . Tests were performed on 5 specimens with a displacement control at a speed of 0.3 mm/min. The apparent Young's modulus was determined by linear regression of the stress-strain curves on a range of strain comprised between 0 and 0.4 %.
Ring shaped specimen
The tensile strength in the fibre direction was also determined on unnotched ring-shaped specimens according to the standard ASTM D2290-00 [22] "Apparent hoop tensile strength of plastic or reinforced plastic pipe by split disk method". The ring specimens had an internal and external diameter of respectively 120 and 121.55 mm and a width of 12 mm. The specimens were produced free of machining marks and each were uniform in cross-section.
The home-made test fixture used for these tests involves two half disk shaped components which were attached to one upper and one lower connecting arm with pins. Ball-and-socket joins were used to articulate the connecting arms and ensure their self-alignment. In this way, the direction of the applied pull is directly perpendicular to the split axis of the test fixture. The test fixtures were mounted on a universal testing machine (Instron 8501). The specimens were subjected to a load control, with a 0.3 kN.s -1 moving crosshead velocity at different temperature levels (ambient temperature, 200°C). Three specimens were tested for each temperature. The ultimate hoop strength and strain were determined using the applied load and the initial cross-sectional areas of the specimen in the region of the gap between split disks. Strains were measured using bi-axial strain gages with a maximum measurement range of 2% and supplied by Vishay Measurements Company. In this test, an apparent hoop strength rather than a true hoop strength is obtained because of the bending moment appearing during the test at the split between the split disk test fixtures.
2.4.2
Fatigue strength
Tension-tension fatigue tests were also performed on both individual lamina coupons sawn in tape rolls and ring-shaped specimens. The experimental configurations (loading machine, specimen shape and preparation) were similar than for monotonic tests.
The fatigue tests were performed in tension under load amplitude control mode, with a sinusoidal waveform at a frequency of 6 Hz and a ratio between minimum and maximum stress (R) of 0.1 for individual lamina coupons at ambient temperature and with a R ratio of 0.2 and a frequency of 5 Hz at ambient temperature and at a temperature of 200°C for ring-shaped specimens.
For each type of specimen, three levels of maximum stress were applied. The levels were 90%, 80%, 70%
of the quasi-static tensile failure stress. At least two replicates were tested at each stress level. Tests were stopped at specimen failure or when reached 2.10 6 cycles.
Viscoelastic properties
Viscoelastic properties (storage and loss moduli and loss factor) were determined in the transverse direction using a DMA Bose Electroforce 3200 on coupons sawn in the unidirectional plate. The size of the rectangular specimen was 58*5*2.5 mm 3 . Four specimens were tested in isothermal conditions between 30 and 275°C with steps every 5°C. The temperature was stabilized during two minutes before each measurement to ensure a homogeneous temperature inside the specimen. The temperature was measured by using a thermocouple placed in a reference sample located in the heating chamber close to the tested specimen. The frequency of the sinusoidal excitation varies from 0.1 to 10 Hz. The compliance of the test set-up was taken into account for the determination of the viscoelastic properties. A tensile harmonic load was applied on the specimens with mean amplitude of 5N and peak-to-peak amplitude of 8N.
Interlaminar fracture toughness
Interlaminar fracture toughness was determined using the Double Cantilever Beam (DCB) and the Lauke tests.
DCB test
For mode I testing, the double cantilever beam test (DCB) was conducted according to the standard ASTM D5528-94 [23] . Delamination tests were carried out on unidirectional laminates manufactured by thermocompression. A crack starter (thin film of Teflon® material) was inserted between the 5 th and the 6 th layer. The thickness of the specimens was approximately 2.5 mm. Cracks opening loads were applied through the piano hinges under displacement control at a speed of 1 mm/min. In order to monitor crack propagation during loading, the edges of the specimens were marked up to 70 mm from the tip of the insert. The marking were made at 5 mm intervals. Three to five specimens were tested at each temperature level (ambient, 110 and 200°C). The onset of delamination was monitored until the 3 mm delamination length, then the specimen was unloaded. It was loaded again to monitor the mode-I precrack propagation. The load and displacement were continuously recorded and the crack length was recorded using a digital video camera.
From the measurements of load, displacement and crack length, the critical strain energy release rate, G1C
was first calculated by using the general theory of linear elastic fracture mechanics [23] :
Where P is the critical load, b the width of the specimen, C is the compliance and a the crack length.
Data were also reduced using the Modified Compliance Calibration (MCC) method presented in the ASTM D5528-94 [23] for which the compliance relationship is found from a least squares plot of the delamination length normalized by specimen thickness versus the cube root of the corresponding compliance. So G1C is expressed following this formula the formula:
Where e is the thickness, F and N are correction coefficients for respectively the large displacement effects and the stiffening of the specimen by the blocks, m is the coefficient determined by the ratio (bC/N) 1/3 and the length of delamination a/2e as illustrated in Fig. 2 was determined by drawing a straight line from the origin ignoring any initial deviations. As underlined by Brunner et al. [24] , it may be difficult to reproducibly determine the position of this point on the load/displacement curve. So, we also propose in this work to determine the NL point using AE data as suggested by Albertsen et al. [25] .
For propagation, the values of the critical strain energy release rate ( ) were computed using points pick up every 5 mm from the pre-crack position.
Lauke test
The method designed by Lauke et al. [24] [25] [26] From the force measurement the interlaminar shear strength is easily obtained as followed :
Where F is the maximum applied load, lk,ls, the levers of the test device.
The shear strength values determined represent the average of at least four samples of one temperature test. A cross head displacement of 1mm/min was used.
Acoustic emission
To record acoustic emissions during DCB tests, a data acquisition system from the EPA (Euro Physical Acoustics, MISTRAS Group) corporation was used. A miniature piezoelectric sensor (-80) was used with a resonance frequency ranging from 250-325 kHz, a preamplifier with a gain of 40 dB, a 20-1000 kHz filter, a PCI card with a 5 MHz sampling rate, and AEWin software for real-time feature extraction.
The calibration of the system was performed after installation of the transducers on the specimen and before each test using a pencil-lead break (PLB) procedure. The sensor was positioned on the top surface of the specimen. The acoustic emission signals were detected and extracted in the stream using the threshold-based detection technique developed by EPA. It is based on three acquisition parameters called PDT (Peak Definition Time = 60 µs), HDT (Hit Definition Time = 120 µs) and HLT (Hit Lock Time = 300 µs) identified using preliminary measurements, and in particular PLB without loading. A part of the ambient noise was filtered using a threshold of 40dB.
3 Results and discussion.
Thermal properties
Typical curves of thermal expansion in longitudinal and transversal directions are presented in Fig. 4 . The CTE were determined from these curves using a linear regression between ambient temperature and 200°C. In the fibre direction the mean value of the coefficient of thermal expansion is -1.7 10 -6 /°K. This result is in agreement with data published by Walsh and Adams [29] . In the transverse direction, the mean value of CTE is 30 10 -6 /°K. These results clearly emphasise the high anisotropy of CTE for such a material.
Above 200°C, the evolution of the expansion as a function of temperature is non-linear and two transition temperatures can be observed, the first one at approximately 235°C and the second one at 385°C. These transition temperatures were attributed to the glass transition temperature (Tg) and the melting temperature (Tf) of the polymeric material. This latest is specifically interesting to optimize the manufacturing process (i.e. the optimal temperature of the flame of the heated-head of the filament winding machine). These values are in agreement with the datasheet of the manufacturer and also with the work of Haixia et al. [17] related to a semi-crystalline Aurum® thermoplastic Polyimide (TPI), with a Tg of approximately 250°C and a Tf of 380°C. Tg was also determined using DMA at different frequencies ( Fig. 5) . Results confirm the outstanding high value determined with dilatometry. From the peak of loss modulus (Fig.5) , and for a loading frequency of 0.1 Hz, the value of Tg is detected at approximately 255°C. A Tg equal to 255°C was also measured by Gamstedt and Berglund [6] on TPI based material.
An increase of about 7°C in Tg was measured when the loading frequency was increased of a decade from 0.1 to 10Hz. The dependence of Tg to the frequency is usual for such polymeric materials [30] . The difference in Tg observed when using dilatometry or DMA techniques can be attributed to the difference in the solicitation frequency. DMA is generally considered as a more accurate method for such a determination than dilatometry or DSC [30] . Figure 6 presents the evolution of the weight loss of the composite material as a function of temperature for different times of exposure and in different environments. As it can be observed on this figure, the weight loss is strongly dependent on the environmental conditions. In inert atmosphere, the weight loss starts to be significant above 500°C (Fig. 6a ). As observed by Haixia and Ratta [17] , [16] , a weight loss of 5% is reached at a temperature of 530 °C.
In oxidizing atmosphere, the onset of thermal degradation is shifted to lower temperature, approximately 400°C (Fig. 6b ). In such conditions, the weight loss is of approximately 3% after one hour of exposure at 450°C.
These results clearly illustrate the high temperature resistance of such thermoplastic polyimide material and its ability to be processed up to temperature of 400°C-450°C (at least considering short times of exposure).
Influence of temperature on the mechanical properties
Tensile properties
Transverse direction
The monotonic tensile properties determined in the transverse direction are listed in Tab. The influence of temperature on the transverse rigidity of the composite has been investigated using DMA on laminates. Fig.7 shows the evolution of the storage modulus as a function of temperature for the 3 tested frequencies of solicitation. The storage modulus, of approximately 2.3 GPa is reasonably constant on a temperature range comprised between 30 to 240°C and starts to decrease when the glass transition region is reached, i.e. above 250°C. In this region (from 250°C to 270°C), the rigidity drops significantly to reach a value of approximately 1 GPa at 270°C. These results emphasise and confirm the hightemperature stability of this polyimide polymer.
DMA results also showed a slight variation in E' and E'' values around 120°C. This small transition was attributed to the softening of the sizing material (epoxy-based system).
For laminate and tape the mean value of Young's modulus was approximately the same.
The mean strain at failure and strength at ambient temperature were also determined in transverse direction using monotonic tests. to the tensile strength of a virgin thermoplastic polyimide [6] . This underestimation of the strength could also be attributed to the testing conditions, and particularly to the dimensions of the coupon which do not respect the ratio between the length and the area of specimen, clamping ….
So considering uncertainties on such measurements, in particular due to the unfortunate or unsuitable experimental configuration imposed by the small width of the tape, the influence of temperature on the strength and strain at failure has not been investigated in this study.
Fibre direction
Tape specimens. The monotonic tensile properties of the T700S/Polyimide composite tape in the fibre direction are listed in Tab. 2 when exposed at different temperature levels. The average Young's modulus is approximately 110 GPa at ambient temperature. The stress/strain curve of the individual lamina tensile tested in the fibre direction at the scale of tape coupons is plotted in Fig. 8b . The material exhibits purely elastic-brittle behaviour. Its mean tensile strength is 1890 MPa. This order of magnitude is in agreement with data of literature collected for carbon fibre reinforced high-temperature thermoplastics [1] , [3] , [4] , [7] , [12] - [15] . The mean strain at failure is 1.7 ± 0.15%.
Two types of failure were observed for this material at ambient temperature. The largest proportion of tested specimens (75%) had a brush-like failure (see Fig. 8 (a) ). This type of failure is generally due to a poor fibre-matrix adhesion [6] [7] [8] , [12] , [29] [30] [31] [32] , which results in fibre/matrix debonding and splitting. In such failure mode, broken fibres are dispersed at any place along the specimen. The second type of failure was cascade-like failure (see fig. 8 (a) ). This one is generally observed in UD composites when a better or stronger adhesion between fibre and matrix is achieved. The imposed load induces a breakage in fibres which have the lowest strength. From this point of local failure, different damages can appear, such as longitudinal and transversal matrix cracks and fibre/matrix debonding. The strong interface between fibres and matrix brings about the transverse matrix crack. As the transversal crack growths, the local load is transferred on the adjacent fibres that break alternately until the total failure of the specimen. This type of rupture is generally observed with few or no splitting.
At ambient temperature, the presence of these two types of breakage was attributed to an heterogeneity in the quality of the adhesion between fibres and matrix, probably related to the sizing and tape manufacturing processes [6] . For such composite material, sizing is a crucial step since carbon fibres have naturally a poor adhesion with thermoplastic polyimide matrix. The thin layer of the epoxy-based sizing system can be easily observed on the SEM picture proposed in Fig. 9 . This figure shows the fractography of a tape. The smooth layer of the sizing matter has a thickness of approximately 500 nm.
Tests were also performed at different temperature levels comprised between -50°C and 250°C. Results temperature, the softening of this thin layer may modify the load transfer between fibres and matrix resulting in a change in failure mode. This phenomenon was also observed by Walther [12] (with also epoxy-based and polyurethane sizing agents) on UD composites that were tested at ambient temperature and 140°C. Walther [12] shows a cascade-like failure at 140°C and a brush-like failure at 35°C for a vinyl ester specimen with epoxy fiber-matrix interface.
Near the glass transition temperature of the polyimidide matrix (i.e. 250°C), the mean strength was also significantly deteriorated with a decrease of 33%, Tenney et al; [1] pointed out a decrease of 35% in flexural strength for a LARC ® PETI-4 between 23 and 177°C. Again, at this temperature, all specimens had a cascade-like failure appearance.
For temperatures below 0°C, a decrease in strength of 11 and 30 % was respectively observed at -20°C and -50°C. At these temperatures, all specimens have a cascade-like failure. This could be due to the brittle fracture behaviour of matrix in cold atmosphere. This result can be correlated to the work of Franco et al. [35] who showed that the fatigue resistance is 30% higher at ambient than at negative temperature (-55°C) for PPS matrix.
Excepted for -20°C, the CoV is approximately the same; at the tape scale, this composite has an important strength over a large range of temperature.
Ring-shaped specimens. Tensile strength in the fibre direction was also determined at the scale of ringshaped specimens. The mean value of the hoop strength is approximately 1460 MPa. This strength is lower than for individual lamina. This can be attributed to:
In ring-shaped specimen, fibres are not oriented in the circumferential direction, the winding angle is estimated to be approximately ±2°. This stacking sequence could result in additional damage modes (when compared to tensile tests performed at the scale of tape specimens), such as inter-layers delamination.
(ii) Internal stresses
During manufacturing process, the tape was tensioned on the mandrel. This induces a significant pre-stress (approximately 400 MPa) in the composite material that can have an effect on the apparent hoop tensile stress measured during the test.
(iii) Stress heterogeneity and multi-axiality
In tensile tests on ring specimens, the bending moment (at the gap between the half cylinders) induces an heterogeneous and multi-axial stress state in the rings [27] , [34] [35] [36] [37] , that can decrease the apparent hoop strength. 
3.2.2
Fatigue behaviour
S-N curves for tensile-tensile fatigue tests on tape and ring-shaped specimens are given in Fig. 10 .
Results show that both types of specimens present a gradual decline in fatigue strength with increasing number of fatigue cycles. For a given loading level, some dispersion in fatigue lifetime can be observed.
This scattering is particularly significant for ring-shaped specimens. The fatigue strength as a function of number of cycles can be fitted by the Wöhler law.
The fatigue strength for a high number of cycles (2 millions As an unexpected result, the energy release is higher for crack propagation than for crack initiation (whatever the method used to determine the energy release at crack initiation) at these temperatures (110°C and 200°C). This phenomenon was attributed to necking and fibre bridging [40 -41] (see, Fig.   11 ), which tend to increase the energy needed to propagate the crack. 
